Merely by existing, all physical systems register information. And by evolving dynamically in time, they transform and process that information.
They give upper bounds to the amount of computation that can have been performed
by all the matter in the universe since the universe began.
2. They give lower bounds to the number of ops and bits required to simulate the entire universe on a quantum computer.
3. If one chooses to regard the universe as performing a computation, these numbers give the numbers of ops and bits in that computation.
The first two interpretations are straightforward: even if all the matter in the universe were organized in a computer, that computer could not register more information or perform more elementary logical operations than calculated here. Similarly, a quantum computer that accurately simulates the time evolution of the universe requires at least this number of bits and must perform at least this number of operations. 18−20 The third interpretation is potentially more controversial. 31 It is well established that all degrees of freedom can be taken to register information and all physical dynamics transforms that information: every nuclear spin can be thought of as registering a bit, and when the spin flips from clockwise to counterclockwise, the bit flips. Similarly, it is known that fundamental interactions between elementary particles allow the performance of quantum logic operations. 12−16 According to the third interpretation, every particle in the universe registers one or more bits, and every time those particles interact, they perform one or more elementary operations. These interpretations will be discussed in greater detail below. Now let us calculate the computational capacity of the universe. For clarity of exposition, the calculation will not explicitly keep track of factors of 1/2, π, etc., that only affect the final results by an order of magnitude or so (i.e., a factor of 2π will be ignored; a factor of (2π) 6 will not be). The expression ≈ will be used to indicate equality to within such factors. In other words, X ≈ Y is equivalent to log X = log Y + O(1).
To calculate the number of bits available and the number of ops that can have been performed over the history of the universe requires a model of that history. The standard big-bang model will be used here. 32 In this model the universe began ≈ 10 10 years ago in what resembled a large explosion (the big bang). Since the big bang, the universe has expanded to its current size. The big bang model successfully explains a number of features of the current universe, such as its ongoing expansion and the existence of the microwave background. Discussions of the amount of computation that can have been performed in the pre-big bang universe are necessarily speculative: the well-established inflationary scenario will be used to investigate computation in this regime.
33−34
For most of its history, the universe has been matter-dominated -most of the energy is in the form of matter. As will be seen below, most of the computation that can have taken place in the universe occurred during the matter-dominated phase. Accordingly, begin with the computational capacity of the matter-dominated universe, and then work back through the radiation-dominated and inflationary universe.
Number of ops
First, investigate the number of elementary logic operations that can have been performed. As noted above, the maximum number of operations per second that can be performed by a physical system is proportional to its energy. This result follows from the system to move from one state to an orthogonal state is given by ∆t = πh/2E, where E is the average energy of the system above its ground state.
3
The Margolus-Levitin theorem is a mathematical expression of the familiar fact that energy must be invested to change a system such as a quantum bit from one state to another. As an example, consider the process of flipping a bit in an NMR quantum computer.
In NMR quantum computing, each nuclear spin in a molecule registers a quantum bit, with spin up identified with 0 and spin down identified with 1. To flip a quantum bit, apply a magnetic field. The spin precesses about the magnetic field: when the spin has precessed by an angle π, the state was spin up has become spin down and vice versa. In terms of bits, 0 has become 1 and 1 has become 0: flipping the spin flips the bit. It is straightforward to verify that the spin/bit flipping process takes place in time ∆t = πh/2E = π/ω L , where E is the average energy of the spin's interaction with the magnetic field and ω L is the spin's Larmor frequency. Two-qubit quantum logic operations obey the same bound, with E the average energy of interaction between the qubits. Note that while energy must be invested in the spin-field interaction to flip the bit, it need not be dissipated.
The Margolus-Levitin bound also holds for performing many logic operations in parallel. If energy E is divided up among N quantum logic gates, each gate operates N times more slowly than a single logic gate operating with energy E, but the maximum total number of operations per second remains the same. Now apply these results to the universe as a whole. In the matter-dominated universe, the energy within a co-moving volume is approximately equal to the energy of the matter within that volume and remains approximately constant over time. (A co-moving volume is one that is at rest with respect to the microwave background, and that expands as the universe expands.) Since the energy remains constant, the number of ops per second that can be performed by the matter in a co-moving volume remains constant as well. The total volume of the universe within the particle horizon is ≈ c 3 t 3 , where t is the age of the universe. The particle horizon is the boundary between the part of the universe about which we could have obtained information over the course of the history of the universe and the part about which we could not. In fact, the horizon is currently somewhat further than ct away, due to the ongoing expansion of the universe, but in keeping with the approximation convention adopted above we will ignore this factor along with additional geometric factors in estimating the current volume of the universe.
The total number of ops per second that can be performed in the matter-dominated universe is therefore ≈ ρc 2 × c 3 t 3 /h, where ρ is the density of matter and ρc 2 is the energy density per unit volume. Since the number of ops per second in a co-moving volume is constant, and since the universe has been matter dominated for most of its history, we
Insertion of current estimates for the density of the universe ρ ≈ 10 −27 kg/m 3 and the age of the universe t ≈ 10 10 years, we see that the universe could have performed ≈ 10 120 ops in the course of its history.
A more revealing form for the number of ops can be obtained by noting that our universe is close to its critical density. If the density of the universe is greater than the critical density, it will expand to a maximum size and then contract. If the density is less than or equal to the critical density, it will expand forever. The critical density can be estimated by a simple, non-relativistic argument 32 . At the critical density, the kinetic energy of a galaxy at distance R is equal to its gravitational energy, so that the galaxy has just enough energy to move to infinite distance. Galaxies at distance R are moving away from our galaxy at a rate ≈ HR, where H ≈ 1/t is the Hubble constant. (H is somewhat smaller than 1/t and is not in fact a constant, since the expansion is slowing over time.
But H ≈ 1/t to within the approximation convention adopted here.) The kinetic energy of a galaxy of mass m at distance R is therefore equal to mH 2 R 2 /2, and its potential energy is 4πGmρR 2 /3. Equating the galaxy's kinetic energy with its potential energy yields the critical density ρ c = 3H
So for a matter-dominated universe at its critical density, the total number of ops that can have been performed within the horizon at time t is
Here t P = Gh/c 5 = 5.391 × 10 −44 seconds is the Planck time -the time scale at which gravitational effects are of the same order as quantum effects.
In retrospect, it should come as no surprise that the number of elementary operations that can have been performed within the horizon over the lifetime of a universe at critical density should be some polynomial in t/t P . The number of operations per second is a function of the critical density ρ c and the age of the universe t, together with the fundamental constants. The total number of operations is a dimensionless number, and so should be a function of t/τ , where τ is a timescale that is a function ofh, c, and G. But the only such timescale is the Planck time. The reason that the number of ops performed within the horizon grows as (t/t P ) 2 rather than simply t/t P is that the total amount of matter within the horizon is growing with time: as the universe gets older, more and more galaxies come into view.
The previous paragraphs calculate the maximum number of operations that could be performed by the matter in the universe. What about the number of elementary operations that could be performed by the gravitational field? Care must be taken in estimating this number, as the Margolus-Levitin theorem that allows the calculation of the number of operations performed by a physical system is strictly quantum-mechanical in nature, and no complete quantum theory of gravity currently exists. With this caveat in mind, however, one can still provisionally apply the theorem, which as noted above states that the number of operations per second that can be performed by a physical system is bounded above
by ≈ E/h, where E is the system's average energy above the ground state energy. The gravitational energy in the universe is negative and equal in magnitude to the positive energy of the matter in the universe, so that the total energy of the universe is zero. Since the Margolus-Levitin theorem enjoins the calculation of the number of ops per second using the average energy above the lowest energy that appears in the system's quantum state, the number of elementary operations that can be performed using gravitational energy is exactly equal to the number that can be performed using the energy in matter. Including the number of operations that can have been performed by gravitational energy (however one might accomplish such a feat!) then changes the overall number of operations by a factor of two. Even including gravitational energy, the total number of operations that can have been performed in the universe is ≈ (t/t P ) 2 ≈ 10 120 .
It is instructive to compare the total number of operations that could have been In other words, to the extent that most of the universe is performing a computation, it is 'computing' its own dynamical evolution. Only a small fraction of the universe is performing conventional digital computations.
Number of bits
Information is registered by physical systems, and all physical systems can register information. 1 The amount of information, measured in bits, that can be registered by any physical system is equal to the logarithm to the base 2 of the number of distinct quantum states available to the system given its overall energy, volume, electric charge, etc. To calculate the number of bits that can be registered by the universe requires a calculation of its maximum entropy, a calculation familiar in cosmology. The maximum entropy in the matter-dominated universe would be obtained by converting all the matter into radiation. (Luckily for us, we are not at maximum entropy yet!) The energy per unit volume is ρc 2 . The conventional equation for black-body radiation can then be used to estimate the temperature T that would be obtained if that matter were converted to radiation at temperature T :
Here ℓ labels the species of effectively massless particles at temperature T (i.e., m ℓ c 2 << k B T ), and n ℓ counts the number of effective degrees of freedom per species: n ℓ = (number of polarizations) * (number of particles/antiparticles) * 1 (for bosons) or 7/8 (for fermions). Solving for the temperature for the maximum entropy state gives k B T = (30h 3 c 5 ρ/π Using the formula I = S/k B ln 2 and substituting ≈ c 3 t 3 for the volume of the universe gives the maximum number of bits available for computation:
The universe could currently register ≈ 10 90 bits. To register this amount of information requires every degree of freedom of every particle in the universe.
The above calculation estimated only the amount of information that could be stored in matter and energy and did not take into account information that might be stored on gravitational degrees of freedom. The calculation of the amount of information that can be stored by a physical system is intrinsically quantum mechanical. Accordingly, just as in the calculation of the number of operations that could be performed by the gravitational field, an accurate account of the amount of information that can be registered gravitationally must await a full quantum theory of gravity. With this caveat in mind, note that the Bekenstein bound 28−30 together with the holographic principle 35−37 implies that the maximum amount of information that can be registered by any physical system, including gravitational ones, is equal to the area of the system divided by the the square of the Planck length, ℓ 2 P =hG/c 3 . This limit is in fact attained by black holes and other objects with event horizons. Applying the Bekenstein bound and the holographic principle to the universe as a whole implies that the maximum number of bits that could be registered by the universe using matter, energy, and gravity is ≈ c 2 t 2 /ℓ
That is, the maximum number of bits using gravitational degrees of freedom as well as conventional matter and energy is equal to the maximum number of elementary operations that could be performed in the universe, ≈ 10 120 .
Not surprisingly, existing man-made computers register far fewer bits. Over-estimating the actual number of bits registered in 2001, as above for the number of ops, yields ≈ 10 9 computers, each registering at ≈ 10 12 bits, for a total of ≈ 10 21 bits.
Large Numbers
Three quarters of a century ago, Eddington noted that two large numbers that characterize our universe happen to be approximately equal. 38 In particular, the ratio between the electromagnetic force by which a proton attracts an electron and the gravitational force by which a proton attracts an electron is α = e 2 /Gm e m p ≈ 10 40 . Similarly, the ratio between the size of the universe and the classical size of an electron is β = ct/(e 2 /m e c 2 ) ≈ 10 40 .
The fact that these two numbers are approximately equal is currently regarded as a coincidence, although Dirac constructed a theory in which they are equal by necessity. Dirac's theory is not favored by observation.
A third large number, the square root of the number of baryons in the universe, γ = ρc 3 t 3 /m p is also ≈ 10 40 . This is not a coincidence given the values of α and β:
αβ ≈ γ 2 in a universe near its critical density ρ c ≈ 1/Gt 2 .
The astute reader may have noted that the number of operations that can have been performed by the universe is approximately equal to the Eddington-Dirac large number cubed. In fact, as will now be shown, the number of ops is necessarily approximately equal to βγ 2 ≈ αβ 2 ≈ 10 120 . This relation holds true whether or not α ≈ β ≈ γ is a coincidence.
In particular,
Similarly,
That is, the number of ops differs from the Eddington-Dirac large number cubed by a factor of the fine structure constant times the proton-electron mass ratio. Since the number of ops is ≈ 10 120 , as shown above, and the fine-structure constant times the proton-electron mass ratio is ≈ 10, the number of ops is a factor of ten larger than the Eddington-Dirac large number cubed.
In other words, whether or not the approximate equality embodied by the EddingtonDirac large number is a coincidence, the fact that the number of operations that can have been performed by the universe is related to this large number is not. These numerical relations are presented here for the sake of completeness. The author encourages the reader not to follow in Dirac's footsteps and take such numerology too seriously.
Computation in the radiation-dominated universe
The energy density of the universe became dominated by matter about 700, 000 years after the big bang. Before that time (with the exception of the first fraction of a second), the energy density of the universe was dominated by radiation, i.e., particles whose mass energy mc 2 is much less than their kinetic energy k B T . In the radiation-dominated universe, the total energy in a co-moving volume is not constant. As the universe expands, the wavelength of the radiation is stretched by the scale factor a, which increases as t 1/2 , so that the energy in an individual photon or particle of radiation is decreased by the same factor. Accordingly, if the energy in the radiation-dominated universe available for computation at time t 1 is E, the energy available at an earlier time t 0 is E(t 1 /t 0 ) 1/2 . Note that this result is independent of the total number of species of massless particles as long as no phase transition takes place in which a species of particle goes from being effectively massless to massive between t 0 and t 1 .
In other words, as t → 0, the total energy available for computation in the radiationdominated universe diverges. Rephrased in computational terms, the number of operations per second that can be performed in the radiation-dominated universe diverges as t → 0.
At first, this fact might seem to imply that the total number of operations performed in the radiation-dominated universe is formally infinite. However, as will now be seen, this is not the case.
The total number of operations that can have been performed within a co-moving volume is #ops = (2E/πh)
But since 2(t 1 − t 0 ) ≥ 2(t 1 − √ t 1 t 0 ) ≥ t 1 − t 0 , the total number of operations that can have been performed in the radiation-dominated universe over a time interval t 1 − t 2 in a co-moving volume with energy E at time t 1 is no more than twice the number that can have been performed in the matter-dominated universe in a co-moving volume with the same energy over the same amount of time. Accordingly, the formulae for the number of operations derived above for the matter-dominated universe also hold for the radiationdominated universe to within the accuracy of our approximation.
This result -that the amount of information processing in the radiation-dominated universe is finite even as t → 0 -provides a partial answer to a question posed by Dyson, 39 who addressed the problem of the amount of information processing possible during the 'big crunch.' The big crunch is the time inverse of the big bang, in which a closed universe contracts to a singularity. The results derived here for the number of operations and number of bits available for computation hold equally for the big bang and the big crunch. Equation (5) shows that the amount of computation that can be performed in the radiation-dominated universe is finite, whether during the big bang or the big crunch. To perform an infinite number of operations would require that the amount of energy in a co-moving volume goes to infinity at a rate 1/t or faster as t → 0. As will be seen below, quantum gravitational considerations make it unlikely that an infinite number of ops can be performed as t → 0.
Now calculate the number of bits available in the radiation-dominated universe. The calculation is almost identical to that leading to equation (3), with the sole difference that here the dominant form of energy (the radiation) is already assumed to be in a maximum entropy state, unlike the matter in the matter-dominated universe. The number of bits available is
where D = (π 2 /30) ℓ n ℓ (recall that n ℓ is the number of effective degrees of freedom for the ℓ'th species of effectively massless particle). As long as k B T is below the grand unification threshold of 2×10 16 GeV, (T ≈ 10 29 K), then D 1/4 ≈ 1, and the number of bits available for computation is ≈ #ops 3/4 , just as in the matter-dominated universe. If one includes the number of bits that might be stored in gravitational degrees of freedom, then the total number of bits available is ≈ (t/t P ) 2 ≈ #ops, just as in the matter-dominated universe.
The formulae for the number of elementary operations and number of bits available are essentially the same for the radiation-dominated universe and the matter-dominated universe. That is not to say that the radiation-and matter-dominated universes are computationally similar in all respects. The matter-dominated universe is far from thermal equilibrium: most of the energy is in the form of free energy, which is available for conversion to useful work via, e.g., nuclear fusion. Most of the matter is in the form of the quarks and gluons that provide the structural stability of baryons. In the radiation-dominated universe, by contrast, most of the energy is in the form of effectively massless particles at thermal equilibrium so that there is little free energy available and structural stability is hard to maintain. In other words, the matter-dominated universe is a much more friendly environment for conventional digital computation, not to mention for life as we know it.
Computation in the inflationary universe
The results derived above put limits on the amount of computation that can have taken This apparent difficulty is resolved by recently developed inflationary cosmologies.
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In these cosmologies, the scale factor for the universe grows at an exponential rate for some period of time, effectively 'stretching out' the universe from an initially small, causally connected volume to a large, causally unconnected volume. Since the observed universe now originates from a causally connected volume, its homogeneity and isotropy can be explained (as well as its flatness, the lack of magnetic monopoles, etc.). The details of the inflationary scenario depend on physics beyond the standard model, but its predictions are sufficiently compelling that it has been adopted by many cosmologists as a promising provisional theory of the very early universe.
The amount of computation that can have been performed during the inflationary universe is readily calculated. Inflation occurs when the scale factor a of the universe is accelerating:ä > 0. The Hubble parameter H =ȧ/a measures the rate of expansion of the universe, as above. For simplicity, concentrate on a universe at critical density. For such a universe, H = 8πGρ c /3c 2 , as above. In the very early universe, the energy density ρ c could be supplied by a scalar field (the 'inflaton') or by an effective cosmological constant.
During inflation, the scale factor grows exponentially at a rate H. Such a universe locally appears to be a De Sitter space and possesses an horizon at distance ≈ c/H: an inertial observer sees all matter accelerating away at a rate proportional to its distance. The energy within the horizon is ≈ ρ c c 3 /H 3 and the total number of elementary logical operations that can be performed per second within the horizon is ≈ ρ c c 3 /H 4h ≈ 1/t 2 P H. Similarly, the total number of ops that can be performed within the horizon in a time t ≈ 1/H is
In other words, the amount of computation that can be performed within the horizon in the Hubble time is t 2 /t 2 P , as in the critical matter-dominated and radiationdominated universes. By the holographic principle, the maximum information that can be stored within the horizon is equal to the horizon area ≈ c 2 /H 2 divided by the Planck length squared. So the number of bits that can be registered within the horizon is no greater than t 2 /t 2 P , as well.
As just shown, the formulae derived for number of bits and number of ops in a universe at critical density hold during inflation. The horizon scale is thought to go from the Planck scale at inflation to a scale between 10 10±6 times larger at the end of inflation. Accordingly, the universe can have performed no more than 10 20±12 ops on the same number of bits within the horizon during inflation (the large uncertainties reflect the current theoretical uncertainties in the inflationary scenario). Inflation is followed by a period of matter creation and reheating leading up to the start of the hot Big Bang. The formulae derived for the universe at critical density hold for this stage as well.
Even though the amounts of computation that can have been performed during inflation are relatively small, there is one highly significant information-based process that occurs during inflation. Because the scale factor for the universe increases by ≈ 50 e-foldings (e 50 ), the volume of the initially causally connected section of the universe increases by
≈ 150 e-foldings. The resulting volume consists of causally unconnected sectors (separated by horizons as long as inflation persists). Although these sectors cannot participate in a joint computation (they cannot communicate with eachother), they have a much higher free energy and so a much higher maximum entropy than the initial volume. In other words, the exponential expansion can be regarded as a massive 'bit-creation' process. Indeed, Zizzi has suggested that inflation be regarded as adding new bits to a quantum computer, with the computation provided by the action of quantum gravity. gravity provides a maximum energy density given by the Planck scale and a maximum bit density supplied by the holographic principle. Accordingly, the amounts of computation that can be performed in a quantum gravitational context are finite. Indeed, the fundamentally Planck-scale character of the limits derived above suggests that they hold equally in quantum gravity. But whether or not these limits hold for the first instant of the universe's existence is a question, like many raised here, whose answer must await the construction of a consistent theory of quantum gravity.
Discussion
The above sections calculated how many elementary logical operations that can have been performed on how many bits during various phases of the history of the universe.
As noted above, there are three distinct interpretations of the numbers calculated. The first interpretation simply states that the number of ops and number of bits given here are upper bounds on the amount of computation that can have been performed since the universe began. This interpretation should be uncontroversial: existing computers have clearly performed far fewer ops on far fewer bits. As Moore's law progresses and as computers use fewer degrees of freedom per bit and less energy per logic operation, the number of bits and ops available will increase. Existing quantum computers already use the minimum number of degrees of freedom per bit and the minimum energy per operation.
The maximum amount of computing power that will eventually be available to mankind is a question of considerable technological and social interest. 41 Of course, that maximum computing power is likely to remain far below the amounts calculated for the universe as a whole.
The second interpretation notes that the numbers calculated give a lower bound on the number of bits and the number of operations that must be performed by a quantum computer that performs a direct simulation of the universe. This interpretation should also be uncontroversial: quantum computers have been shown to be efficient simulators of any physical system that evolves according to local interactions. 18−20 In particular, a quantum computer can simulate the time evolution of any quantum system to an arbitrary degree of accuracy using the same number of degrees of freedom as the system, and a number of operations that is proportional to the time over which the system evolves. The universe is a physical system, and to simulate the time evolution of the universe, a quantum computer needs at least the same number of bits, and a number of operations at least as great as the total angle Edt/h evolved by the system's state in Hilbert space. Open questions include the efficiency and robustness of such simulations. For example, how much overhead in terms of ops and bits is required to simulate the standard model of elementary particles?
This is a question that could be answered using current techniques. How hard is it to simulate quantum gravity on a quantum computer? This is a question whose answer must await the construction of a self-consistent theory of quantum gravity. But the fact that quantum computers can efficiently simulate any theory that is locally finite and that can be described by local strictly positive transformations 18 is a strong indication that whatever the eventual theory of quantum gravity, it is efficiently simulatable on a quantum computer.
A particularly striking demonstration of this last fact is Freedman's demonstration that quantum computers can efficiently simulate topological quantum field theories.
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The third interpretation -that the numbers of bits and ops calculated here represent the actual memory capacity and number of elementary quantum logic operations performed by the universe -is more controversial. That the universe registers an amount of information equal to the logarithm of its number of accessible states seems reasonable.
But to say that 2 Edt/πh is the number of elementary operations performed is equivalent to saying that the universe performes an 'op' every time some piece of it evolves by an average angle (or acquires an average phase) π/2 in Hilbert space. In fact, for a quantum computer, this is a reasonable definition of an elementary quantum logic operations:
to perform each quantum logic operation requires energy E to be made available for a time πh/2E. And whenever energy E is available to some degrees of freedom for time πh/2E, the state of those degrees of freedom evolves by an angle π/2 in Hilbert space.
In addition, almost any interaction between degrees of freedom, including fundamental interactions such as those in the standard model, supports quantum logic and quantum computation. These results strongly suggest that the universe as a whole is capable of universal quantum computation. In such a 'universal' universal computer, every degree of freedom in the universe would register information, and the dynamics of those degrees of freedom would process that information: the amount of information and the amount of information processing possible can be calculated using the formulae derived above. Even if the universe is not a conventional computer, it can still compute.
